Abstract Precision inspection of free-form surface is difficult with current industry practices that rely on accurate fixtures. Alternatively, the measurements can be aligned to the part model using a geometry-based registration method, such as the iterative closest point (ICP) method, to achieve a fast and automatic inspection process. This paper discusses various techniques that accelerate the registration process and improve the efficiency of the ICP method. First, the data structures of approximated nearest nodes and topological neighbor facets are combined to speed up the closest point calculation. The closest point calculation is further improved with the cached facets across iteration steps. The registration efficiency can also be enhanced by incorporating signal-to-noise ratio into the transformation of correspondence sets to reduce or remove the noise of outliers. Last, an acceleration method based on linear or quadratic extrapolation is fine-tuned to provide the fast yet robust iteration process. These techniques have been implemented on a four-axis blade inspection machine where no accurate fixture is required. The tests of measurement simulations and inspection case studies indicated that the presented registration method is accurate and efficient.
Introduction
Precision inspection is prevalent in manufacturing to verify that the geometric dimensions and tolerances of parts meet the quality requirements. Under ever-increasing demands on improving product quality and reducing production cycle time, inspection is compelled to become fast, accurate, and cost-effective. As of today, coordinate measuring machines (CMM) are still the most widely used equipment in inspection industry. A CMM is essentially a Cartesian robot with one tactile probe. While the CMM measures the parts in high precision, conventional tactile probe is often limited in scanning speed and can not cover features that are smaller than the stylus diameter [1] [2] [3] . The tactile probe is especially cumbersome in measuring parts with free-form surfaces as it is difficult to maintain continuous contact with the surfaces. In these cases, non-contact measurements are commonly used for fast acquisition of surface shape without physically touching the part. The actual speed and accuracy of non-contact measurements vary with different technologies. For instance, the x-ray or CT scan can reveal the inside structure blocked by the outside surface, but have relatively coarse accuracy. On the other hand, a variety of modern non-contact range scanners, ranging from pattern projection to laser probes, offer improved inspection speed and accuracy [4] .
Achieving speed, accuracy, and repeatability is the major challenge to a portable and flexible inspection system. Ideally, such a system would automatically collect the measurement and make detailed, full-scale comparisons between the measured data and its original design. With this capability installed on machine tool and assembly lines, manufacturing processes can be monitored and controlled in a real-time fashion. In order to achieve automatic and real-time inspection, one of the most challenging problems is to develop an efficient method that aligns the measurement coordinate system and the part coordinate system. Figure 1 shows the different coordinate systems in inspection. The inspection data is acquired from an optical sensor mounted on the machine. As such, the acquired coordinate value is based on the measurement coordinate system (MCS) as indicated by Fig. 1a . However, the part model is designed in its own coordinate system, named the part coordinate system (PCS), as shown in Fig. 1b . For regular dimensions such as diameter or length, the inspection can be performed based on the direct comparison between the inspected dimensions and the specified values; such are the cases of straight surface tolerances like flatness. However, parts with free-form surfaces do not have a single inspection value. In order to compare the inspected shape with the designed part, it is necessary to find the transformation matrix that will place the inspection data in the appropriate orientation, known as registration in Fig. 2 .
In order to register the inspection data, industry practices often adopt a high precision fixture to locate the part orientation. In this approach, the part is closely attached to the fixture. The fixture normally includes some precisely manufactured features (e.g., balls). While the part is being inspected, these fixture features are included as part of the inspection data. Providing the simple geometry of these fixture features, it is relatively easy to find the homogeneous transformation matrix between the machine coordinate system and the part/design coordinate system [5] . The same transformation matrix is also applied to the part data and thus completes the appropriate orientation. While computationally straightforward, the acquired transform matrix from this fixture-based approach is affected by the assembly tolerance between the fixture and the part. In high precision inspection, it is often required to test many iterations of fixture installation to compensate this fixture assembly error, which can be very time-consuming. Plus, a fixture with precise artifacts is expensive or not available at all in some cases.
Alternatively, the inspection data can be registered to the design model based on the part geometry itself. Geometrybased registration methods are abundant in computer graphics literature. However, many of these approaches are proposed for the purpose of graphics where the accuracy is not critically restricted. It remains unclear how effective these model-based registration methods are in the inspection, especially in the high precision inspection. In this paper, the emphasis of the geometry-based registration will be discussed with respect to their efficiency in precision inspection. Section 2 will review different techniques of available registration methods. Based on these methods and their comparison, a new implementation of geometry-based registration is presented in Section 3. Section 4 will introduce a four-axis optical inspection system incorporated with the implemented registration method. Finally, conclusions are summarized in Section 5.
Registration review
The measurement is registered to the part model by matching the correspondence set between the measurement and the part model. The correspondence set can be geometry elements such as holes, edges, and corners. These geometry elements are recognized from the 
